Abstract. The effect of river runoff in the Bay of Bengal is examined using a reduced gravity primitive equation ocean model coupled to an atmospheric boundary layer model. Model simulations are carried out by including river discharges as surface freshwater forcing at the mouths of the rivers. To assess the effect of river inputs on the dynamics and thermodynamics of the tropical Indian Ocean, parallel simulations are carried out by neglecting the river inputs. Additionally, another set of parallel runs without penetrative radiation loss through the mixed layer is carried out. The freshwater flux due to rivers results in lower salinities and shallower mixed layers, as expected. However, the influence of this additional freshwater flux into the bay is rather counterintuitive. With the inclusion of river discharges more heat is absorbed by the ocean, but sea surface temperatures are slightly cooler in the bay because of enhanced entrainment cooling of the shallower mixed layer, enhanced penetrative radiation, and an enhanced effect of latent heat loss on the temperature tendency. This is despite the greater latent heat loss when river input is neglected. Conversley, neglect of penetrative radiation results in a shallower but slightly warmer mixed layer with river input. River input and penetrative radiation each affect the mixed layer depths, the salinity and temperature structure, and currents in the Bay of Bengal, but they have a small effect on SST. Annual SST, averaged over the Bay of Bengal, is only 0.1øC colder with river input. Neglecting penetrative radiation in the river run results in an increase of only 0.2øC for the annual SST. The lack of persistence of a barrier layer in the bay helps regulate SST even in the presence of enhanced buoyancy forcing due to river input. Averaged over the bay, a barrier layer forms as mixed layer detrainment occurs, and the thermocline deepens just after the southwest monsoon and the northeast monsoon. The barrier layer is short-lived in each case it is eroded by mixing. The effect of riverine input in the bay is not confined to the surface waters. A pool of cold anomaly (-1øC) and freshet waters is centered near 100 m depth in the bay with riverine input. This cold pool beneath the mixed layer allows entrainment cooling of the mixed layer to be more effective, even though mass entrainment is lower relative to the case neglecting river input. The more diffuse thermocline in the bay is consistent with enhanced vertical mixing despite the large positive buoyancy forcing.
Introduction
The Bay of Bengal is the freshest region in the Indian Ocean by virtue of both direct monsoonal rainfall and by large rivefine input. The onset of the sum- The surface salinity and density fields show marked variations both spatially and temporally as a result of the large freshwater inputs, highly variable monsoonal winds and associated upwelling/downwelling, and advection from the west and south of high-salinity water masses [VM$96] . Sewell [1929] showed large meridional gradients of sea surface salinity (SSS) in the bay during the post-summer monsoon period (September-are large) with weaker meridional gradients in MarchApril. SSS climatology [Levitus, et al., 1994] shows strong meridional gradients on the western side of the bay developing in June-September, with salinity dropping by more than 6 psu from the mouth of the bay to about 15øN, and the gradient decreasing in subsequent months. On the eastern side of the bay the Levitus [1994] Han99 [see also Han and McCreary, 2001; ] did an extensive modeling study of the influence of salinity on the dynamics and thermodynamics of the Indian Ocean. As part of that study, the role of river input in the Bay of Bengal in affecting the dynamics and thermodynamics of the Indian Ocean was done. Interestingly, significant changes in SST in the bay only occur in very localized regions: warming in the NW corner during the summer monsoon and cooling in the NW corner and the southeastern bay during March. The other regions with appreciable SST differences are along the equator and off of the Somali coast. This weak effect on SST occurs despite large differences in salinity, both surface and subsurface. Han99 used a 4.5-layer model with specified heat fluxes and winds. The present study extends the examination of the effects of river input in the Bay of Bengal in several important respects. First, the Indian Ocean is modeled with a 20-layer model that allows a more realistic barrier layer to form (i.e., multiple layers below the mixed layer may have nearly identical temperature but differing salinity). Second, the ocean model is coupled to an advective atmospheric mixed layer (AML) model, which allows interactive heat fluxes and hence allows more freedom for SST adjustment. Third, daily rather than monthly wind forcing is used.
Approach
Model simulations are carried out by including river discharges as surface fleshwater forcing at the mouth of rivers. To assess the effect of river inputs on the dynamics and thermodynamics of the tropical Indian Ocean, parallel simulations are carried out by neglecting river inputs. Additionally, the effects of penetrative radiation are assessed by running parallel runs with and without penetrative radiation.
Model Description
The ocean general circulation model ( Complete hydrology has been added to the model with freshwater forcing treated as a natural boundary condition [Huang, 1993] 
Monthly Versus Daily Wind Forcing
The effect of using daily versus monthly climatological wind forcing is seen in Plate 1. Plate I shows SST from monthly wind forcing minus that from daily wind forcing averaged over the period (top) DecemberFebruary and (bottom) July-September for the entire model domain. Within the Bay of Bengal the run with monthly forcing is consistently warmer than that with daily forcing, with the exception of the Ganges outflow region during the northeast monsoon. The cooler SST with daily forcing is consistent with more vigorous vertical mixing associated with higher-frequency forcing. Indeed, the SST difference is even greater during the SWM when the main thermocline is shallowest (as will be shown in section 3.4). Plates 5g and 5h illustrate that the main thermocline is 5-10 m shallower with river input over much of the bay during both the NEM and SWM. Since wind forcing and Ekman pumping are identical, these differences must be due to differences in mixing, subduction, or stratification. In the latter process an increase in density contrast between the thermocline and the upper waters, as might be expected with a surface freshwater input, will cause the thermocline to shoal. The salinity signal due to river input is not confined to the surface layer. Plate 7 shows SWM-and NEMaveraged depth meridional sections of salinity along 90øE. A low-salinity plume extends from the head of the bay down toward the equator. The structure of this low- The BL formation appears to result from ML detrainment, rather than from a subduction process due to cross-frontal advection. In particular, the differences between the BL with and without river input are minimal and so do not argue for a subduction mechanism at salinity fronts as in the western Pacific.
Comparison With Levitus
The short lifetime of the BL (1-2 months) may be due to the vertical shear between the ML and the underlying water column (O(1 e -3 s -1) averaged over the bay) .
The largest difference in B LT occurs in March when
the BLT is 1.5 m thicker without river input. With a slightly thicker BL, and a deeper ML, the case without river input has a ML that is better insulated from entrainment cooling. When qpen is neglected, the ML detrainment is larger (i.e., the ML is shallower), and the BL becomes thicker, with thicknesses >30 m during the NEM. Similar to the BL comparison, the SST differences between the two runs are minimal. In all runs, SST does increase during the time when the BL exists. ML temperature can increase when a BL is present because the temperature gradient just below the ML is weak and the halocline is a barrier to vertical mixing. In the case where qpen is ignored (Table 3) where h is the MLD, and p and Cp are the density and specific heat capacity at constant pressure for water, respectively. The convention used for qpen is that it is a negative quantity. Here OT/Ot is computed as a central Although qsolq-qpen (i.e., the radiative heating of the ML) is smaller with riveriDe input (because of shallower MLD), its contribution to temperature tendency is larger than in the control run because of the shallower ML and the exponential-like decay with depth of the shortwave radiation. Similarly, although latent heat loss is smaller with riveriDe input, it has a greater effect on cooling the shallower ML. Enhanced entrainment cooling in the riveriDe case is important in balancing the heating due to qnet. The thinner ML with riveriDe input has less entrainment in the mean, so this result is somewhat puzzling at first glance. However, the thinner ML causes entrainment to be more effective at lowering the ML temperature, and it was shown in section 2 that the waters below the ML are cooler with river input. The residual temperature advection is of the order of the sensible heat loss and is much less effective in cooling the ML than any of the other terms.
Summary/Discussion
In this paper we have investigated the effects of riverine input into the circulation and hydrography of the Bay of Bengal with emphasis on the effects on the ML in order to determine how the atmosphere, and hence the monsoon, might be affected. Additionally, the effects of qpen were examined. Both rivers and qpen have relatively larger effects on circulation, salinity fields, and subsurface temperature than on SST.
As expected, the inclusion of river input makes the SSS simulation more realistic. Unlike precipitation patterns, which have a broad scale across the bay, riveriDe input is a concentrated source and creates stronger hor- Indian Ocean summer monsoons following E1 Nino events tend to have heavier than normal rainfall, which would then be followed with heavier than normal river input. $hukla [1987] showed that above-average summer monsoon rainfall is followed by negative SST anomalies in the AS and along the mouth of the bay. $hukla [1987] speculates that the cooling is due to the stronger winds that accompany high-rainfall monsoons. An alternative hypothesis is that the cooling is due to the higher freshwater input. However, the weak effect of river input on SST in this study and in those of Han99 and Han et al., [2001] lends credence to the former hypothesis that the cooling is due to wind anomalies rather than to freshwater input anomalies.
